We attempted to find atherosclerotic plaques including a large lipid core and thin fibrous cap in twice-injured arterial specimens obtained from high cholesterol diet (HCD)-fed rabbits. Rabbits fed a HCD were subjected to carotid artery injury using a balloon catheter.
Introduction
Recent lipid-lowering trials that used 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors have revealed that lowering plasma cholesterol levels prevented acute ischemic events (1-3). These trials yielded stronger increases in survival rates than amelioration of luminal narrowing of coronary arteries, indicating that lowering the plasma low-density lipoprotein level and stabilization of vulnerable plaques are more important than reducing thickening of the neointima for prevention of acute ischemic events (4). The risk of plaque rupture appeared to be related to the composition of the atherosclerotic plaque. Many researchers (5-7) have suggested that the characteristics of rupture-prone plaques are as follows : 1) a large lipid core underlies a thin and collagen-poor fibrous cap, and 2) macrophage-rich areas are found in the shoulder of the plaque. On the other hand, stable plaques contain mainly smooth muscle cells and collagen fibril (5, 8) . Macrophage-rich areas are frequently found in coronary plaques in patients with acute coronary syndromes (9). Macrophages release proteolytic enzymes that may be responsible for weakening of the fibrous cap and subsequent rupture of the atherosclerotic plaque (8, 10) .
For the reasons mentioned above, stabilization of vulnerable plaques has come to be a new goal in the treatment of atherosclerosis, and an animal model suitable for study of vulnerable plaques is required. Thus far, fibrous and smooth muscle cell-dominated lesions obtained with balloon-catheter de-endothelialization alone have mainly been used to investigate smooth muscle cell proliferation and intimal hyperplasia that resemble the histological effects of clinical balloon angioplasty (11, 12) . On the other hand, foam cell lesions obtained with high cholesterol diet-fed rabbits may be useful for investigating the relationships between blood lipoproteins and development of atherosclerosis, including the role of inflammatory mechanisms (13) (14) (15) . Additionally, the combination of arterial balloon injury and subsequent cholesterol diet has been used to induce atherosclerotic lesions in animal models most closely simulating clinically encountered lesions (16, 17) . However, animal models of atherosclerosis mimic human atherosclerosis imperfectly, since spontaneous plaque rupture does not occur in such models. Although a few investigators have reported animal models that mimic atherosclerotic plaque rupture (18, 19) , their animal models seemed to be commonly used. In the present study, we attempted to conveniently produce atherosclerotic plaques with some characteristics of unstable plaque by hypercholesterolemia induced by cholesterol feeding of rabbits with twice-injured carotid arteries. 
Discussion
The risk of plaque rupture appears to be related to the composition of atherosclerotic plaque. The cellular composition of advanced atherosclerotic plaques is known to be heterogeneous (22, 23) . The purpose of the present study was to conveniently produce an atherosclerotic plaque with some characteristics of unstable plaque by hypercholesterolemia induced by cholesterol feeding of rabbits with twice-injured carotid arteries. Although several types of plaques were observed on histopathological analysis of carotid arterial specimens in twiceinjured carotid arteries in the present study, two types of atherosclerotic plaques were noted. Type 1 plaques had a thin-layer fibrous cap composed of HHF-35-negative synthetic phenotype smooth muscle cells and extracellular matrix overlying a large core composed of macrophage foam cells, while type 2 plaques had a superficial thick layer of HHF-35-positive smooth muscle cells as well as a small area of macrophage foam cells observed only in the core of the neointima.
It is generally believed that atherosclerotic plaques with a thin fibrous cap overlying a large lipid core present a high risk of rupture (5, 6). Monocytes adhering to the endothelial surface enter the intima at sites of lesion predilection and then accumulate lipid and transform into macrophage foam cells. Activated macrophages in the plaques are capable of releasing various extracellular-matrix metalloproteinases responsible for weakening of the fibrous cap and subsequent rupture of the atherosclerotic plaque (8). Actually , rupture-prone lesions usually have prominent macrophage accumulation (24) and macrophage-rich areas are frequently found in coronary plaques of patients with acute coronary syndromes (9). Comparison of these pathological findings and the features of the type 1 plaques found in the present study suggests that type 1 plaques have similarities to unstable atherosclerotic plaques, at least morphologically.
On the other hand, smooth muscle cells may counteract some of the adverse effects of macrophages by producing extracellular matrix, collagen, and inhibitors of extracellular-matrix metalloproteinases (8). Since the type 2 plaques observed in the present study had a thick smooth muscle cell layer and dense collagen fibrils, they may have a more stable cellular composition than type 1 plaques.
Although two types of plaques were recognized in both the 2-week interval group and the 4-week interval group, the type 1 plaques were recognized more frequently in the 4-week interval group than in the 2-week interval group. In addition, with prolongation of the cholesterol diet from 2 weeks to 4 weeks, the neointimal area of lesions increased.
The areas occupied by RAM-11-positive macrophage foam cells were also higher in the 4-week interval group than in the 2-week interval group. These results suggested that enhancement of the neointimal hyperplasia by prolongation of the cholesterol-fed period in the present rabbit atherosclerotic plaque model was principally due to the increase in macrophage foam cell-rich areas. The combination of balloon endothelial denudation and subsequent high-cholesterol diet induces foam cell-rich atherosclerotic plaques in animal arteries, and has thus been used to produce experimental atherosclerotic plaques (25) (26) (27) . In the present study, since serum cholesterol levels were already increased enough to form foam cell-rich plaques at the time of first injury, development of cores which contained mainly macrophage foam cells might have depended on the length of the cholesterol-fed period.
It is not clear how fibrous caps were formed by sequential injury in the present study. In sequential injury animal models, the second balloon injury is typically followed by cell proliferation and neointimal formation (28), and these animal models have been used to study the mechanisms of restenosis after percutaneous transluminal angioplasty (26, 27, 29, 30) . A disadvantage of sequential injury animal models is the heterogeneous nature of the lesions induced. Our preliminary examination also showed that the second injury with severe damage to aortic lesion by similar severity with inflation and passages of first balloon injury resulted in amplification of hyperplasia and foam cell formation, but disorder of the structure of neointima and failure to form the fibrous cap (data not shown). In contrast, the mild second injuries induced using the three methods described in "Materials and Methods" were equally successful in inducing formation of thin fibrous caps overlying a large core of macrophage foam cells. These results suggest that it is important that the second injury be mild, to induce fibrous cap formation and retain the lipid core induced by the first injury. van Erven et al. suggested that even mild injury produces maximal release of mitogenic factors from vascular cells (31). Additionally, Stadius et al. (32) reported in a study of sequential balloon injury in an experimental angioplasty rabbit model that the second of sequential injuries initiated a cell proliferation response in the arterial wall but did not alter the neointimal area or affects the lumen caliber of the primary injury. The same phenomenon might be apparent in our study. Namely, severe sequential injury resulted in a variety of neointimal structures, because the features of the lesion destroyed by the second severe injury might be complicated.
On the other hand, the second mild injury, which might have injured only the surface of the lesion formed by the first injury, was successful in inducing formation of thin fibrous caps composed of HHF-35-negative synthetic smooth muscle cells and poor collagen fibrils. Second mild injury on the surface of the lipid plaque induced by first injury might thus result in fibrous cap formation. Macrophage-rich areas are frequently found in coronary plaques of patients with acute coronary syndromes (9). Macrophages are the principal inflammatory cells in atherosclerotic plaques. It appears that macrophages are capable of releasingl Iytic enzymes that may be responsible for the weakening of the fibrous cap and subsequent rupture of atherosclerotic plaques (10). Various types of MMPs have been detected in atherosclerotic plaques in humans and rabbits (33, 34) . Aikawa et al. (35) demonstrated constitutive expression of MMPs by macrophage foam cells within atheroma in hypercholesterolemic rabbits. In the present study, latent MMP2 (pro-MMP2) and activated MMP2 were observed in homogenates prepared from atherosclerotic lesions of rabbit carotid arteries using gelatinolytic zymography. On the other hand, only pro-MMP2 was detected in normal arteries. We also detected activated MMP2 and MMP9 in the conditioning medium from the tissue culture of the atherosclerotic artery using the same model as tested in the present study (data not shown). Since homogenates include many proteins, MMPs other than MMP2 might have been masked by other proteins in the present study. The total quantities of gelatinolytic activity were measured in the homogenate prepared from the atherosclerotic lesions, and the activities in the 4-week interval group were stronger than those in the 2-week interval group. On the other hand, gelatinolytic activities were not detected in the homogenate prepared from normal arteries. The increase in MMP activities with prolongation of the cholesterol diet feeding period was accompanied by an increase in neointimal area and particularly by an increase in the area occupied by macrophage foam cells. These changes were accompanied by an increase in plaque with a thin fibrous cap overlying a large core of macrophage foam cells as well as a decrease in plaque with a solid cap of smooth muscle cells. Libby et al. (36) also suggested that macrophage-related proteolysis within atheroma may contribute to weakness of the protective fibrous cap of plaque. It is suggested that in the present study the MMPs produced by macrophages might have contributed to formation of the thin fibrous cap of type 1 atherosclerotic plaques.
It appears that the atherosclerotic plaque in hypercholesterolemic rabbits induced by cholesterol feeding with twice-injured carotid artery has some characteristics similar to those of vulnerable plaques, and is therefore useful for basic study of plaque stabilization and prevention of acute coronary syndromes.
We expect that the typical atherosclerotic plaque found in present study will be useful for the basic study of plaque stabilization and prevention of acute coronary syndromes. Curr Opin Lipidol, 7: 330-335, 1996 
